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ABSTRACT

Oscillatory and pulsatile fluid flows for use in microfluidic applications were generated using a deformable chamber driven by a low cost
linear voice coil actuator. Compliance in the fluidic system originating in the deformable chamber and the fluidic tubing produced a strong
frequency dependence in the relationship between the system’s input and the output flow rate. The effects of this frequency dependence
were overcome by precise system calibration, enabling on-demand generation of sinusoidal oscillations in the fluid flow rate with a con-
trolled amplitude in the range from 0.1 to over 1 ml/min across a frequency range from 0.1 Hz to 10 Hz. The calibration data further
enabled the optimization of a multistage exponential smoothing model of the system that allowed the generation of arbitrary complex wave-
forms. This was demonstrated by combining flow modulation with a constant background flow generated by a syringe pump to mimic the
pulsatile flow found in the human vascular system.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5086286

I. INTRODUCTION

Oscillatory and pulsatile fluid flows are a common feature of
natural and living systems. As a result, there is considerable interest
in generating complex flows for a wide range of applications,
including the study of biofilm formation and cellular behaviors
such as bone maintenance, stem cell differentiation, and vascular
health.1–6 Vascular health is of particular importance in the human
body where endothelial cells are directly and continuously exposed
to the blood flow at the vessel wall. These cells are integral to the
integrity of the vascular system, but successful culture of these cells
outside the body has been shown to depend on their exposure to
the fluid flow, with even the nature of the complex fluid flow wave-
form playing an essential role in the maintenance of the endothelial
phenotype.7,8 However, the generation of precisely controlled fluid
flows can be technically challenging and costly.

Many different approaches have been taken to address these
issues. Early systems for the generation of controlled pulsatile flow
relied on traditional hydraulic approaches, using motor driven
pistons to produce controlled variation in flow.9 More recently, it
has become common to achieve flow manipulation via a deform-
able chamber situated within a fluidics system.10–17 In this case, the
main choice for the researcher is the method of actuation that is
used in conjunction with the chamber, and systems are commonly

driven via pneumatics, embedded magnets, or piezoelectric
actuators.

One alternative approach for achieving precisely controlled
actuation of a deformable chamber is the voice coil actuator
(VCA). VCAs make use of the basic technology found in loud-
speakers to produce precisely controlled linear motion. They have
the advantage of being able to generate high forces and operate
over long travel ranges and high frequencies. These actuators have
been used previously in a more traditional hydraulic system to
drive rigid pistons and have been used to generate defined pressure
waveforms and pulsatile flow.18,19 Their use has also been demon-
strated in systems with deformable chambers, but this was limited
to the generation of sinusoidal fluid flow waveforms.20 These flow
waveforms were used to characterize the mechanical properties
of fluidic systems, and this work highlights an important chal-
lenge faced in the generation of more complex flow waveforms.
Specifically, systems with significant compliance, which might
derive from the deformable chamber or the surrounding fluidic
system, produce a frequency dependent damping of oscillatory
fluid flows that must be accounted for to produce a defined
output from such a system.

In this paper, we describe the optimization of a VCA-based
system to generate complex fluid flow waveforms in the presence of
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the frequency dependent damping that arises from the mechanical
properties of the deformable chamber, the elasticity within the
fluidic system, and the actuator’s control electronics. Through
precise calibration and a multistage exponential smoothing model
that accounts for the strong history dependence in the fluid flow
rate, we demonstrate the precise generation of sinusoidal fluid
flows, before combining flow modulation with the background flow
generated by a syringe pump to mimic the pulsatile flow found in
the blood stream. The system presented achieves this using readily
accessible technologies, such as soft lithography and off the shelf
components. The combination of the VCA and a deformable
chamber, as illustrated in Fig. 1(a), allows precise modifications to
be made to the flow rate through the fluidic system. This approach
provides a flexible and reasonably low cost means of generating
controlled, time varying, fluid flows and the technology that is
highly scalable with a wide range of linear VCAs available to access
a wide range of flow rates.

II. METHODS

A. Microfluidic system fabrication and assembly

The deformable chamber was fabricated by soft lithography
from a thermoplastic master generated using stereolithography
(Protolabs).21 Polydimethylsiloxane, PDMS (Silgard 184, Dow
Corning), was mixed in the ratio 5:1 base to the curing agent and
degassed under vacuum before it was poured into the thermoplastic
mold leaving the upper surface of the mold cover in the thin layer
of PDMS. It was then baked at 90 �C for 90 min. The resulting
PDMS chamber was secured to a glass substrate by plasma bonding
(Harrick Plasma, Expanded Plasma Cleaner) with both parts
exposed to air plasma for 30 s prior to bonding under pressure at
90 �C for 45 min. The upper membrane thickness of several devices
was measured and a device was selected with a membrane thickness
of approximately 100 μm. Tubing (Cole-Palmer, 18 gauge PTFE) was
inserted into the entry and exit ports of the chamber, and the whole
system was clamped into the place with the deformable membrane

under the piston of the VCA (BEI Kimco, LAS13-18-000A-P01-3E).
The end of the piston was modified with an M3 thread and a
machined aluminum plunger was attached to the piston. The VCA
used here has a 6mm stroke, which can generate forces of up to
15N, and can operate at frequencies up to 100Hz. A schematic of
the chamber is shown in Fig. 1(b) and the dimensions of the
plunger and chamber used in this work are shown in Table I.
A pressure sensor (40PC001B2A, Honeywell) was incorporated into
the system immediately following the deformable chamber using a
T-junction (P-712, IDEX corporation). Once the system is calibrated
(as described below), the pressure sensor allows the performance of
the system to be monitored in real time without further need for
direct visualization of the fluid flow.

B. System control

Proportional-integral-derivative (PID) control of the VCA was
enabled by a digital servo drive and a microcontroller (Pluto,
Ingenia). In contrast to previous work,20 this system enables precise
control over the position of the VCA’s piston rather than the
driving current. In doing so, it enables complex motion of the
piston, but sacrifices some knowledge of VCA’s behavior, such as
the force generated over time. Input waveforms were generated
using a multifunction data acquisition (DAQ) device (6002,
National Instruments) via custom code written in Python. The
analog output from the DAQ was connected to the microcontoller’s

FIG. 1. (a) Schematic of the deformable chamber and voice coil actuator. (b) Schematic of the deformable chamber geometry. (c) Schematic of the lightsheet imaging
system and the flow visualization cell used for particle image velocimetry of flows driven by the voice coil actuator. (d) Typical image from the microsphere suspension in
the flow viewing cell.

TABLE I. Dimensions of the deformable chamber as detailed in Fig. 1(b).

Parameter Dimension (mm)

Diameter, D 12.7
Height, h 6.35
Plunger diameter, d 4
Membrane depression, b 2–4
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analog input and the applied voltage was used to control the posi-
tion of the VCA plunger as function of time, b(t). The parameters
of the PID feedback loop were optimized in situ using the
MotionLAB software (Ingenia), with the VCA mounted on the
deformable chamber and the flow system flooded with water. The
signal from the VCA’s position encoder was recorded by the DAQ,
enabling realtime monitoring of the piston position.

C. Flow visualization

To enable the visualization of fluid flow in the required range
of flow rates (0.1–1 ml/min), a special viewing cell was constructed
within the flow system, which is shown in Fig. 1(c). This consisted
of 3 mm inner diameter, thin walled, FEP tubing (Norell), sup-
ported by a housing of steel tubing (McMaster). A notch was
machined out of the steel housing to allow optical access to the
flow system. 18 Gauge needles (Amazon Supply) were customized
to act as adapters between the FEP and PTFE tubing. Once assem-
bled, all joints in the flow system were sealed with epoxy to prevent
leaks and accumulation of gas within the system.

Particle image velocimetry (PIV) was used to characterize the
fluid flow generated by the deformable chamber.22 PIV was performed
on a custom-built lightsheet microscope modeled on the open source
OPENSPIM design.23 Briefly, the sample, in this case water contain-
ing a dilute suspension of 0.5 μm yellow-green Fluospheres (Life
Technologies), was illuminated and imaged using orthogonal
water dipping objectives (Nikon 10� 0.3 NA—illumination; Nikon
16� 0.85 NA—imaging). Laser illumination at 488 nm (Vortran,
Stradus 488-150) was formed into a lightsheet 400 μm tall and 3 μm
deep using a cylindrical lens. Sample position was controlled by a
4-axis (x, y, z, and θ) micropositioning stage [Physik Instruments,
M-110 (x and z-axes), M-111 (y-axis), M-116 (θ-axis), and C-884.4DC
(controller)]. Imaging was performed using a sCMOS camera
(Andor, Neo). Image series for analysis by PIV were recorded at
185 frames per second using the micromanager software.24 PIV
analysis was performed in ImageJ using a PIV plugin.25,26 PIV

was performed in the plane passing through the center of the
viewing cell, allowing the measurement of the peak flow velocity
through the cell. The peak volume flow rate, Θ was then calcu-
lated from the peak flow velocity, v flow, assuming a parabolic
velocity profile in the cylindrical chamber as Θ ¼ πR2v flow=2.
Flow in the system was assumed to be laminar given that the
Reynolds number was approximately 2.

III. RESULTS AND DISCUSSION

A. System characterization

Expectations for the system’s output were generated by
assuming that the fluid was incompressible and all components of
the system were rigid. In such a model system, the output flow
rate Θsystem ¼ Θaverage þ Θchamber , where ΘAverage is driven by a
syringe pump and Θchamber simply depends on the velocity of the
piston, v piston ¼ db=dt and its effective area, Aeff so that
Θchamber ¼ v pistonAeff . The effective area of the plunger, which
accounts not just for the area of the plunger, but also for the
complex shape of the deforming membrane, was measured experi-
mentally by moving the plunger at a constant speed of 0.058mm/s.
The volume flow rate in the system during this motion was measured
using the lightsheet PIV, giving a value of 0.231ml/min and setting
the effective area of the piston at 66.1mm2. This is just slightly
higher than expected from the machined radius of the VCA driven
plunger.

The application of sinusoidal waveforms to the input of the
system, however, make it clear that the system’s behavior is far
from ideal. Figure 2(a) shows the system’s response, both VCA
piston motion and the output flow rate, for an input sinusoidal
waveform with a frequency of 2 Hz. Each quantity has been con-
verted into units of flow rate following the simple model for the
system presented above from an ideal system. These plots show
good signal translation between the input and the VCA drive,
while pronounced damping and phase shift occur in the measured
fluid flow.

FIG. 2. (a) A real time comparison of VCA driving voltage, the position of the actuator’s piston, and the associated fluid flow waveform for an input sinusoidal waveform
with a frequency of 2 Hz. (b) Phase and amplitude plots for driving voltage and piston position. (c) Phase and amplitude plots for the piston velocity and fluid flow
waveform.
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Figures 2(b)–2(c) show Bode plots for two separate signal
pairings in the system (i) input to piston position and (ii) piston
velocity to flow rate. These plots indicate that the VCA’s PID
control system performs well over the frequency range studied with
the motion of the piston closely following the input waveform.
Meanwhile, the behavior of the flow system is more complex,
with the measured flow rate proportional to the piston velocity at
0.1 Hz but exhibiting significant phase shifts and strong damping
as the frequency increases. This behavior is largely a result of con-
struction of the fluidic system, where the tubing, the syringe, and
the drive chamber itself are made of flexible elastomers, and the
resulting compliance in the system produces frequency dependent
damping observed in the output waveform. Here, the compliance
initially causes the system to behave like a lowpass filter; however,
as the frequency of the flow waveform increases an upturn is
observed in the Bode plot. This upturn was only observed when
a component with a high fluidic resistance was placed in the
outflow path from the deformable chamber (in this case, the
T-junction used to incorporate the pressure sensor). With a low
output resistance, no upturn in the amplitude was observed with
increasing frequency.

The behavior of the system did not depend on the magnitude
of the input amplitude, and the Bode plots were used as a calibration
for the system, enabling the generation of sinusoidal waveforms with
a precisely controlled peak flow rate. Figure 3(a) shows the controlled
generation of three sinusoidal waveforms with frequencies of 0.2, 1,
and 5 Hz with an amplitude of 0.4 ml/min. Good consistency in the
amplitude of each waveform was observed and was replicated across
the whole two decades of frequency investigated with the average
flow rate across all waveforms of 0.406ml/min with a standard devia-
tion of 0.007ml/min.

B. Empirical model

Initial testing of complex waveform generation revealed that the
system’s response is nonlinear and depends strongly on the recent
flow history. Such effects can often be modeled by exponential
smoothing. Guided by the Bode plots in Figs. 2(b)–2(c), we choose to
use 3-stage exponential smoothing to model the end-to-end behavior
of the system.27 This model has the lowest level of complexity that is
capable of delivering the large phase shift observed over the two
decade frequency range. The input to the smoothing function Θ0

n
was calculated as the first derivative of the time-series describing the
requested piston positions, bn, multiplied by the effective area of the

piston, Aeff ,

Θ0
n ¼

bn � bn�1

ΔT0
Aeff , (1)

where the subscripts denote the position of data in each time series.
Each stage of the smoothing function is then described as follows:

Θkþ1
n ¼ akΘkþ1

n�1 þ (1� ak)Θk
n, (2)

where the superscripts denote the order in which the smoothing
functions are applied, in this case k ¼ 0, 1, 2, and a is the smooth-
ing parameter. In preparation for each smoothing stage, we
set Θkþ1

0 ¼ Θk
0 and interpolated the time series so that the time

interval between samples was ΔTk. Periodic boundary conditions
were used to generate periodic waveforms for comparison with
the system’s Bode plots.

The time delay and smoothing parameter for each filter stage
were optimized by fitting the Bode plots for end-to-end transmission
through the system (input to flow rate) and are shown in Table II.
The model’s performance was assessed by comparing Θ3

n, the final
output from the optimized model, with the system’s Bode plot,
Fig. 3(b). This multiple stage smoothing process accounts for the
behavior of the control electronics, VCA, deformable chamber,
and the extended fluidics system in determining the output of the
system. In this case, the time constant, τc � δT=a of the filter’s
final stage appears to a good match for a simple model of
the fluidic system, and can be estimated from the product of the
drive system’s measured compliance (4:33� 10�12 m5=N) and the
calculated fluidic resistance of the outflow (6:98� 1010 Pa s/m).
The drive system comprised all the fluidic hardware prior to the
outflow, i.e., the syringe, deformable chamber, pressure sensor,
and connecting tubing. The compliance was measured by moni-
toring the pressure change in the system as the VCA piston was
driven to produce a series of constant flow rates. The total fluidic
resistance of the system was calculated as the sum of the fluidic
resistance, Rf of each element in the system. Here, each element

FIG. 3. (a) Sinusoidal fluid flow wave-
forms with programmed amplitude of
0.4 ml/min at three frequencies. Lines
are sinusoidal fits to the data. (b)
Comparison between the end-to-end
Bode plot for the fluidic system (dots)
with the optimized 3-stage exponential
smoothing model (solid lines).

TABLE II. Fitted parameters for three-stage exponential smoothing, as described by
Fig. 3(b).

Smoothing order, k 0 1 2

Smoothing parameter, ak 0.95846 0.99779 0.86658
Time delay, ΔTk(s) 0.01051 0.000068 0.00318
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in the system had a circular cross section and Rf ¼ 8πηL=A2, where
η is the dynamics viscosity of the fluid, L is the length of an individ-
ual section of the tubing, and A is the local cross-sectional area.

C. Complex flow generation

Arbitrary flow waveforms may be generated in the fluidics
system using the empirical model described in Sec. III B. This is
accomplished by deconvolution of the desired output waveform to
generate the necessary input. Each step in the deconvolution through
the 3-stage smoothing process used the following equation:

Θk
n ¼

Θkþ1
n � akþ1Θkþ1

n�1

1� akþ1
: (3)

The optimized parameters, described in Table II, were used in
the reverse order for deconvolution, i.e., k ¼ 2, 1, 0, since the process
is noncommutative. Once Θ0

n, the required input flow rate, was
obtained, it was integrated to generate b(t), the time-series describing
the required sequence of piston positions needed to produce the
desired flow waveform

bn ¼ Θ0
n � Θ0

n�1

2Aeff
ΔT0 þ bn�1: (4)

Here, we used b0 ¼ 0 to generate a set of relative positions that
can be applied from an arbitrary piston starting position.

To demonstrate the systems ability to generate complex wave-
forms, the generation of a complex pulsatile flow that mimics the

FIG. 4. Generation of pulsatile fluid
flows resembling those found in the
human vascular system. The wave-
forms were reproduced at frequencies
of 0.1, 0.5, 1, 5, and 10 Hz based on
the three step filter model for the
microfluidic system. The optimized
input waveforms are shown in the left
column, while the right column shows
the target waveform (dashed lines) and
measured output flow rates (dots).
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flow found in a healthy human vascular system.8 This waveform
was produced with an additional flow of 0.33 ml/min generated by
the attached syringe pump so that the flow is unidirectional but
varying in the flow rate. The input waveforms needed to generate
the atheroprotective waveform over the range of frequencies from
0.1 to 10 Hz are shown in Fig. 4 along with the measured response
of the system to these inputs. At the lowest frequency, the input
waveform is a good approximation for the basic model where the
flow rate is simply proportional to the piston velocity. At higher
frequencies, input waveforms exhibit large deviations from this
model. The output waveforms show excellent fidelity with the
target through the frequency range 0.1 to 1 Hz. Beyond this, wave-
forms up to 5 Hz are good approximations to the desired output,
but the fine features of the waveform are progressively lost as
the frequency increases from 1 to 10 Hz. This effect is in large
part due to the frequency range used in calibrating the system and
optimizing the smoothing model. In essence, the model has no
information about what happens at frequencies above 10 Hz, these
frequencies are, however, important in the reproduction of the
5–10 Hz waveforms since they play an increasing role in their
Fourier spectrum. We believe that this discrepancy would likely be
overcome by characterization of the system over an extended fre-
quency range.

IV. CONCLUSIONS

We have demonstrated the generation of complex fluid flow
waveforms with a linear voice coil actuator driving a deformable
fluidic chamber. Under dynamic modulation, strong history depen-
dence was observed in the flow rate generated through the system,
which was primarily a result of the compliance of the deformable
chamber and elastic tubing used in the assembly of the fluidic
system. Complex waveform generation was enabled by modeling
the system’s Bode plots using 3-stage exponential smoothing. This
model accounted for the effects of the system’s compliance as well
as secondary sources of frequency dependence such as the system’s
drive electronics. The required input waveform needed to generate
an arbitrary output could then be calculated by deconvolution. This
work will pave the way for more precise generation of fluid flow
waveforms in systems that exhibit moderate to strong history depen-
dence due to their internal compliance and may be important
in applications such as the microfluidic culture of living cells.
We believe that further study and modeling of this system will
enable the efficient generation of arbitrary complex waveforms
over a wider frequency range. In addition, this approach is highly
scalable with linear voice coil actuators available that can generate
forces up 1500 N to drive large volumes of fluid with high flow
rates and frequencies.
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